Shock initiation experiments on the explosives Composition B and C-4 were performed to obtain in-situ pressure gauge data for the purpose of providing the Ignition and Growth reactive flow model with proper modeling parameters. A 100 mm diameter propellant driven gas gun was utilized to initiate the explosive charges containing manganin piezoresistive pressure gauge packages embedded in the explosive sample. Experimental data provided new information on the shock velocityparticle velocity relationship for each of the investigated material in their respective pressure range. The run-distance-to-detonation points on the Pop-plot for these experiments showed agreement with previously published data, and Ignition and Growth modeling calculations resulted in a good fit to the experimental data. Identical ignition and growth reaction rate parameters were used for C-4 and Composition B, and the Composition B model also included a third reaction rate to simulate the completion of reaction by the TNT component. This model can be applied to shock initiation scenarios that have not or cannot be tested experimentally with a high level of confidence in its predictions.
Introduction
Shock initiation is one of the most important properties of energetic materials (EM). Of interest here is the determination whether the input shock wave will build in pressure to a full-fledged detonation or decay to a deflagration wave or to a non-reacting wave. So the study of this property is important to gain knowledge if a material will detonate as intended or not for different dynamic loadings. Energetic materials are widely used in both industrial and military applications. Therefore, initiation of such materials is of particular interest for reasons of safety and understanding of their behavior under dynamic loading conditions.
In earlier publications we have reported initiation thresholds for build up to detonation and sensitivity to impact (Pop-plots) of both sensitive and insensitive, HMX and TATB based explosives at various initial temperatures (1, 2) . In this publication we will report on initiation and sensitivity of more common RDX based explosives known as C-4 and Composition B and will include previously unpublished manganin gauge records for sustained pulse shock initiation.
Experimental Technique
Most of the experiments in our laboratory are performed on the 100 mm bore, propellant driven gas gun, which allows precise control of the projectile velocity and of the loading pressure imposed on the EM target. The experimental set-up is illustrated in Fig 1 .
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Figure 1. Schematic diagram of experimental set-up for gun experiments
There were two types of target assemblies that were used in these experiments. One target assembly consisted of several discs of different thicknesses. Gauge packages containing manganin pressure gauges were embedded between individual discs. The other target assembly consisted of two 24˚ wedges with one multi-element pressure gage package placed between them. The intent here was to eliminate the effect of inert package material on each consecutive gauge element. The gauges are armored with thin (125 µm) Teflon insulation on both sides to prevent shorting of the gauges in a conductive medium when the material becomes reactive. Other details of the manganin pressure gauges are described in our previous publications (3, 4) .
For better control of the impact pressure, a thin buffer plate of the same material as the impact plate is placed in front of the target assembly for symmetrical impact. Also included in the two target assemblies are six tilt pins placed around the periphery of the target flush with the impact surface to measure the tilt of the impact plate as it strikes the target, and two velocity pins sticking out some known distance from the target to measure the velocity of the impact plate just before it strikes the target.
During the experiment, oscilloscopes measure change of voltage as result of resistance change in the gauges which were then converted to pressure using the hysteresis corrected calibration curve published elsewhere (5) . From the data of the shock arrival times of the gauge locations, a plot of distance vs. time ("x-t plot") is constructed with the slope of the plotted lines yielding the shock velocities with two lines apparent, a line for the un-reacted state as it reacts and a line representing the detonation velocity. The intersection of these two lines is taken as the "run-distance-to-detonation," which is then plotted on the "Pop-Plot" showing the run-distance-to-detonation as a function of the input pressure in log-log space.
Experimental Records
Total of 7 shots were fired of which 3 of them were with the C-4 explosives in the disc target configuration and 4 with the Composition B in the wedge target configuration. Densities, impact velocities and pressures imposed on the targets material are listed in Comp. B 1.681 1.307 6.84 5 Figure 2 shows pressure records of a shock loaded RDX-based high explosive C-4 (91 weight % RDX and 9 weight % of other additives) pressed to 98.5 of theoretical maximum density. The explosive samples in these experiments were shock loaded with an aluminum impactor flying at a velocity of 0.6, mm/µs, imposing a pressure on the target material 2.2 GPa. As in all heterogeneous explosives these traces exhibit the characteristic features of their initiation: some reaction occurs just behind the shock front causing it to grow in pressure, but most of the reaction occurs well behind the leading shock, creating a pressure wave that overtakes the initial shock wave causing the process to finally transit to detonation. In this case the transition to detonation occurred at about 25 mm into the target. Figure 3 illustrates the records obtained with a wedge type experiments performed on another RDX based explosive Composition B (63-weight % RDX, 36weight % TNT and 1weight % of Wax) at ambient room temperature. It shows initially a steady shock wave and then, after the reaction becomes significant, a strong growth in pressure just before the transition to detonation. The loading pressure in this experiment was 4.8 GPa. distance to detonation on the initial impact pressure. On this plot one can easily compare the relative sensitivity of these explosives to a more sensitive explosive HMX-based PBX 9404 and a TATB based insensitive high explosive at their ambient conditions. On a loglog plot the run distance to detonation versus shock pressure data mostly fall on a straight line. The closer the line is to the origin of the plot, the more sensitive is the material. Shown here are also previously published data of Gibbs and Popolato (6) .
Equation of State Analysis
For any new material that was tested in our laboratory we also determine their experimental equation of state in the form of a new shock velocity-particle velocity (U s -u p ) relationship. This analysis is done by using the well-known impedance matching technique and is illustrated in Figures 5 and 6 for the case of C-4 and Comp B respectively.
Assuming that the EOS relations of the impactor at room temperature are very well known, one can plot the inverse adiabat of the flyer plate originating at the flyer velocity. Experimental measurement of the initial pressure from several experiments will result in the adiabat of the new target material. Measured shock velocities between the first two or more gauge stations from the same experiments allow one to draw a line through the experimental points in the shock velocity -mass velocity plane and determine the new U s -u p relationship for this material. 
Ignition & Growth Modeling
The Ignition and Growth reactive flow model for shock initiation and detonation is described in detail elsewhere (7) . Since the embedded pressure gauges require onedimensional flow, the calculations are also one-dimensional and use a mesh size of 50 zones per mm. Since both C-4 and Comp B are RDX-based, they exhibit similar early hot spot formation and growth rates. Thus, the first and second reaction rates are normalized to the C-4 embedded gauge records and then used to model the Comp B records. Also, since Comp B has been demonstrated to undergo shock desensitization in certain situations (8) , a value of 0.0367 for the critical compression parameter in the Ignition rate law to prevent ignition below approximately 0.5 GPa. The third reaction rate is used to describe the slower reaction of the TNT component of Comp B. Comp B contains approximately 60% RDX, but, since RDX is more energetic than TNT, 70% of the chemical energy is assumed to be liberated at the RDX reaction rates and 30% by the TNT rates. Separating the reaction rates in this manner has been used successfully in previous modeling efforts in which two materials react at sufficiently different rates. Examples include RX-26-AF, which contains half HMX and half TATB (9) and various aluminized explosives, in which aluminum is oxidized by previously formed explosive reaction product gases (10) . In the following sections, Ignition and Growth calculations are compared to the measured pressure histories and run distances to detonation for C-4 and Comp B. Table 2 and the equations of state for the aluminum flyers and Teflon gauge packages listed in Table 3 for the three disc shaped targets listed in Table 1 in order of increasing shock pressure. These figures also include experimental traces of pressure (solid lines) for a direct comparison between experiment and calculation. Both, measured and calculated growths of reaction in Fig. 7 agree closely for the lowest shock pressure experiment number 4565 listed in Table 1 . The transition to detonation occurs just before the 25 mm deep gauge, For the intermediate shock pressure experiment 4547, Fig.8 shows good agreement for the growth of reaction and the transition distance to detonation, which occurs just after the 15 mm deep gauge. For the highest shock C-4 experiment number 4564, the calculated run distance to detonation, which occurs just after the 10 mm deep gauge (Fig. 8) , is slightly longer than the experimental run distance of just less than 10 mm. The calculated growth of reaction at the 0 and 5 mm deep gauge positions agrees well with the experimental records. Thus, this relatively simple two reaction rate model for C-4 shock initiation agrees quite well with the three sets of pressure history measurements and the run distances to detonation. Further tests of the C-4 parameters can be made if additional experimental data on C-4 becomes available. 
C-4 Reactive Flow Modeling
Comp B Reactive Flow Modeling
Four Comp B embedded gauge experiments using wedge shaped targets are listed in Table 1 . The resulting embedded manganin gauge pressure histories and their corresponding calculated pressure histories are shown in Figs. 10 -13 in order of increasing shock pressure. The model parameters for Comp B parameters are listed in Table 4 . For the lowest shock pressure shot 4359, Fig.10 shows good agreement for the growth of reaction at the 0, 4.5, 7.75, and 11.01 mm gauge positions and for detonation at the 17.51 mm and 20.77 mm depths. For the next highest shock pressure shot 4544 using an aluminum flyer plate at 0.929 km/s, Fig. 11 shows good agreement between experimental and calculated pressure histories at the first 5 embedded gauges and transition to detonation before the 11.91 and 12.92 mm deep gauges. For the second highest pressure shot 4540, Fig.12 exhibits good agreement between the measured and calculated pressure histories at the first four gauge positions and for detonation at the 10.94 mm and 14.94 mm gauge depths. For the highest shock pressure shot 4545, the measured distance to detonation is slightly less than the 5.47 mm deep gauge position, while the calculated transition occurs just after the 5.47 mm gauge, as shown in Fig. 13 . The measured and calculated reaction growths at the 0 mm and 3.58 mm deep gauges agree very well. As mentioned for C-4, a slightly faster transition to detonation rate at high shock pressures is needed for better agreement.
\
Conclusions
Embedded manganin pressure gauge records and run distances to detonation were measured at various shock pressures for the RDX-based explosives C-4 and Comp B. This experimental data was used to determine reaction rate parameters for the Ignition and Growth model. The same ignition and growth rate coefficients were used for both explosives. A third reaction rate was then used to simulate the slower TNT reaction rate within the Comp B model. This Comp B model can be used to predict other shock initiation scenarios that have not or can not be experimentally tested directly with a high degree of confidence,
